TeTtiary interactions involving hairpin or interior loops of RNA can lead to extended quasi-continuous double helical stem regions, consisting of coaxial1y stacked segments of duplex RNA, bridged by single-stranded connections. This type of compact folding plays a role in various strategic regions of RNA molecules. Their role in ribosome functioning, RNA splicing and recognition of tRNA-like structures is discussed.
INTRODUCTION
Insight in the three-dimensional structure of single stranded RNA 1s essential for a full understanding of Its functions. It is striking therefore how little we know about the specific folding of these biopolymers in SDace. Except for a few tRNAs (1-5) no high resolution structural information is available. Even of 5S RNA, a molecule whose structure has been studied in great detail (6) no definitive model for its secondary structure exists, let alone its tertiary structure. In many cases, the available information has led to proposals for the secondary structure in which single-stranded regions alternate with double-stranded regions. The latter contain the classical Watson-Crick G-C and A"U base pairs and sometimes G-U base pairs. It is increasingly becoming clear that also other combinations have to be considered (7). In such secondary structure models, characteristic features like hairpin, bulge, interior and bifurcation IOODS can be discerned beside the normal double-stranded stem regions. Frequently with little experimental data at hand these proposals are based on computer-aided nredictions (8,9) which unfortunately have a limited value only (10).
In general, the folding of RNA molecules will reflect a delicate balance between base-base interactions and electrostatic repulsion of the negatively charged phosphate residues. In these foldings an imoortant contribution to the stability of the RNA structure is furnished by the stacking interactions of the base residues (11) . Under high salt conditions with sufficient screen-ing of the charged phosphates, tertiary interactions like triple base Dairs of non-Watson-Crick type will lead to the formation of compact domains with hydrophobic cores as found in L-shaped tRNA (1) (2) (3) (4) (5) . Although the studies of tRNA structure have contributed considerably to our understanding of the three-dimensional folding of RNA it remains to be seen whether the same principles can be extrapolated to other RNA structures.
Recently we have found evidence for a new building principle that combines a compact folding of the RNA chain with an increase in base stacking. The principle was brought to light by structure mapping of the 3' termini of a number of plant viral RNAs with tRNA-like properties (12) (13) (14) . Here we describe this principle in some detail and present evidence for its occurrence in the structure of other natural RNAs. It may play a role in ribosome functioning and RNA splicing.
FOLDING OF tRNA-LIKE STRUCTURES AT THE 3' TERMINI OF VIRAL RNAs
The 3' termini of various plant viral RNAs like turnip yellow mosaic virus (TYMV) RNA, brome mosaic virus (BMV) RNA, and tobacco mosaic virus (TMV) RNA are recognized by a variety of tRNA-SDecific enzymes, e.g. tRNA nucleotidyltransferase and a specific aminoacyl tRNA synthetase (15-16). We recently described structure mapping studies on labelled 3' terminal RNA fragments of all three individual viral RNAs. Models of the secondary structure were proposed based upon enzymatic digestions with RNase Tj t Sj nuclease and the double-strand specific RNase from the venom of the cobra Naja naja oxiana and chemical modification of adenosine residues with diethyl pyrocarbonate and cytidine residues with dimethyl sulfate. The cloverleaf structure as found in canonical tRNA appeared to be absent in the tRNA-like structures of the viral RNAs. Similar nrooosals were made by Florentz et al. for TYMV RNA (17) and by Ahlquist et al. for BMV RNA (18) . We have shown that three-dimensional foldings appeared to have evolved, however, which show a great resemblance with the L-shaoe of the elongator tRNAs. These models provide a basis for our understanding how these viral RNAs have met the requirements for faithful recognition by tRNA-soecific enzymes. For a more detailed discussion of these models, see ref. 12-14. Of great interest here is the construction of the RNA domain which comprises the aminoacyl acceptor arm of the tRNA-like structures. To illustrate this noint the secondary structure of the last 42 nucleotides at the 3' terminus of TYMV RNA is shown in fig. la . Experimental data and sequence comparisons with other plant viral RNAs pointed to a base pairing interaction involving the triple G sequence G13-G15 with the triple C sequence C25-C27. The existence of the 3 G-C base pairs appears to be crucial for the construction of an aminoacyl acceptor arm which has striking similarities to that of canonical tRNA. Coaxial stacking of stem I and II with that formed by the 3 G-C base pairs coming from the tertiary interaction ( fig. lb) yields an augmented acceptor arm with 12 base pairs, identical to that found in the augmented helix of T\J/ and amino acid acceptor stems found in yeast tRNA e ( fig. Id) and almost all other elongator tRNAs.
Another essential feature of this Dart of the TYMV RNA structure is the presence of two short stretches of single-stranded RNA comprising 3 (A10-U12) and 4 (U21-C24) nucleotides and spanning distances of a quarter and almost half a turn of an RNA duplex respectively, thereby crossing the helix from one strand to the other. As can be seen in fiq. lb these stretches connect two helical segments of the aminoacyl acceptor arm in such a way that a quasi-continuous double helix with 8 base pairs can be formed by the viral RNA chain segment running from A1-C27. Note that these two connecting stretches of RNA are located at roughly the same side of the arm ( fig. lc) . This may be important for the recognition of the viral 3'terminus by tRNAspecific enzymes (12) .
We have found similar tertiary foldings in the 3' termini of the RNAs from the plant viruses BMV and TMV (13, 14) . We therefore wondered how widespread this peculiar folding would be in other RNAs.
THE NEW BUILDING PRINCIPLE
The principle underlying the construction of the aminoacyl acceptor arms of the viral RNAs can be generalized as deDicted in fig. 2a : a stretch of nucleotides in the loop of a hairDin and bordering the stem region, forms normal Watson-Crick base pairs with nucleotides of a complementary sequence located elsewhere in the RNA chain. This type of interaction favours the formation of an elongated double-stranded helix by coaxial stacking of the two separate double helical segments: stem SI and the stem generated by the tertiary interaction (stem S2). Formally, it is also possible to consider stem SI as the result of a tertiary interaction. This is clarified by other more schematic representations of the same interaction pattern ( fig. 2b and 2c). It may already be noted here that intersection of the chords in fig. 2b , representing the two overlappina double helices, is not admissable in current methods for computer-aided predictions of RNA secondary structure, because they give rise to so-called "knotted structures' 1 (8, 9) . Based on our experience with the plant viral RNA structures we here make the important assumption that for all interactions of this kind stem SI and stem S2 are stacked on top of each other in such a way that a quasi-continuous, righthanded double helix is formed, comoarable to A-RNA ( fig. 2d ). This assumption of course is only valid if the single-stranded connecting loops LI and L2 pose no sterical contraints upon this structure. Due to the handedness of the double helix and the polarity of the chain, loop LI and L2 will not be equivalent: loop LI crosses the deep groove and loop L2 the shallow groove of the double helix. This must have consequences for the length and the conformation of each of the two IOODS. A first insight in the minimal number of nucleotides needed in loop LI or L2 is provided by an analysis of the data which emerge from our three-dimensional models of the tRNA-like 3' termini of the plant viral RNAs. In table 1 we have summarized these data in terms of the number of base pairs in stem SI and S2 and the number of nucleotides in loop LI and L2. Beside the RNAs studied exDerimentally we also included related viral RNAs whose 3 1 terminal sequences are known and which can be folded in similar tertiary structures (12-14, 18, 19) . The lowest number of base pairs found in the stem regions is 3, which presumably is also the minimal number of nucleotides required for closing a hairDin loon is accepted to be three (21). we assume that this number is also three for IOOD L2. This is actually observed in the case of TYMV RNA (see table 1 ). Bridging the shallow groove with 2 nucleotides (see TMV RNA) may therefore require either a distortion of the double helix and/or a change in the regular nucleotide conformation(s) in the crossing loop. Stretching of the ribose phosphate backbone, however, by changes in the ribose puckering (CI endo to C~ endo) and torsion angle y (C. -Cj) will Drobably be not sufficient (22) . If two nucleotides can cross the shallow groove, one has to envision that even one nucleotide might suffice for the deep groove. In the latter case it is conceivable that the two phosDhates concerned (P' and P, or P-, , fig. 3 ) miaht come into closer proximity by a bending of the double helix over this groove as found to be possible for DNA (23) . DuDlex RNA, however, is reported to be less flexible than the DNA double helix (24,25). On the other hand, an appreciable contraction of the wide groove upon binding of spermine to tRNA has been reported (26), resulting in a distance of only 8.6 A between phosphates on the opposite sides. It remains to be seen whether such a one nucleotide connection is realized in RNA molecules. Whatever the number of nucleotides needed for crossing the double helix, the phosDhate ribose backbone is generally forced to make a sharD turn at the junction of looo to double helix ( fig. 2d) . 2a) will bring the splice junctions in close proximity  (fig. 4d) . It may create the stereochemical condition for qenerating an active site (35) and for engaginq in a transient state of the chain nucleotides involved in the cleavage and liqation reactions. Clearly the detailed mechanism remains to be elucidated but it may be aonreciated here that no major conformational changes are needed durina the entire SDlicing event and that cleavage and ligation may take place autocatalytically in one concerted reaction mechanism.
It is also noteworthy that stacking of stem P2 on ton of stem PI and stem P10 as we have proposed in fin. 4d results in the formation of a quasicontinuous double helix consisting of three segments similar to the folding of the aminoacyl acceptor arm of TYMV RNA (fig. lb) . The so-formed "orecise alignment structure" and "internal guide sequence" (34) are strongly reminiscent of the structure proposed for the sn RNP-mediated splicing of hn RNA (36).
VARIANTS OF THE BUILDING PRINCIPLE
Having noted that the buildino principle of fiq. 2 most likely is used in the folding of natural RNAs, the question may be raised whether variants of this principle are theoretically possible. and presumably functionally important core of the structure. We suggest that the helix formed by base pairinq of E' and F stacks coaxially with helix P8.
In principle other variants may be envisaged involving hairpin, interior, bulge, and bifurcation loops. They all potentially lead to the formation of extended double helices.
KNOTTED STRUCTURES IN RNA AND COMPUTER-AIDED PREDICTIONS OF RNA SECONDARY STRUCTURE
All intramolecular tertiary interactions in RNA described above are examples of what have been called "knotted structures" (8) thounh of a special kind. If the tertiary interactions would comnHse one turn of adouble helix or nore, the formation of a so-called "real knot" in the RNA chain is conceivable by the threading of one of both free ends through a loop (loop LI for the 3' end and loop L2 for the 5' end, fig. 2c ). No true knots in RNA molecules however have been reported. We therefore orefer the term n pseudoknot 11 coined by Studnicka et al. (8) , for the tertiary interaction we found in the plant viral RNAs. So far, not more than 6-7 base nairs are involved in this pseudoknot formation, which is well below one full turn of an RNA duplex (11 base pairs). Helices of this length might prevent that the tertiary structure (locally) becomes too rigid, thereby enabling these interactions to play their putative role as functional conformational switches. As pointed out earlier (37) the riqht-handed double helix of the pseudoknot requires a compensating net left-handed twist in the connecting RNA regions (loops LI and L2 of fig. 2 ). If these regions are relatively short, they might have peculiar conformational prooerties and might serve as unique recognition sites for proteins.
Knotted structures or Dseudoknots were considered 1n computer-aided predictions of RNA secondary structure, but were not taken uo in the algorithms for reasons of simplicity or because no examples of this tyoe of interaction were known (8,9,38,39) . Nevertheless Salser tried to indicate possible tertiary interactions starting from a predicted secondary structure of globin mRNA (40) . Interestingly some of the enumerated possible tertiary interactions are of the type discussed in this paper.
As a first step to introduce pseudoknots (especially of the type of fig. 2 ) into a modified algorithm for RNA structure Drediction, we searched for Dossible pseudoknots in sequences like that of TYMV RNA, MS2 RNA and 16S rRNA from E. coli. Numerous examples were found though this number decreased upon restrictions in the number of base Dairs in the stem and nucleotides in the loop regions. Whether they really occur depends on the stability of the other elements in the RNA structure and on factors like kinetic parameters which might trap an RNA region in a localized energy minimum from which it cannot readily escape at the expense of a thermodynamically more favourable long range interaction. This all together poses a formidable oroblem in solving the secondary and tertiary structure of RNA molecules by computeraided predictions alone, also because no energy rules are at hand for these pseudoknotted structures.
CONCLUDING REMARKS
In this paper we have shown that pseudoknots are present in RNA molecules. In itself it is not surprising to see that under physiological conditions long range base pairing interactions in the three-dimensional folding of RNA do occur. It may be stressed here, however, that these tertiary interactions involving hairpin or interior loops can give rise to long extended double helical stem regions. More work is needed to get insight in their precise folding, their stability and their spread in natural RNAs.
